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of a 6T-Sram Cell

E. L. Viatajelu, J. Figueras

Universitat Politecnica de Catalunya,
Electronic Engineering Department,
C. Jordi Girona, Campus Nord, E. C4, Barcelona, Espaiia

Abstract: The power consumption, especially the leakage power, is a big issue in nanometric
technologies. In scaled technologies, the impact of lowering the supply voltage in order to ensure the low
leakage power, leads to a decrease in robustness. The paper investigates the effect of lowering the supply
voltage on the robustness of a 6T SRAM cell, both in saturation and sub-threshold regimes. The Static
Noise Margin (SNM) is evaluated analytically and compared with HSPICE simulations for 130nm, 90nm
and 65nm Berkeley Predictive Technology Models (BPTM) [9]. Our results show that the SNM of the
cell decreases nonlinearly with a linear decrease in the supply voltage. The proposed analytical model is
also used to predict the minimum value of the supply voltage that preserves the data stored in a 6T-
SRAM cell, which is found to be approximatively 5% of the nominal value.
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1. INTRODUCTION

Reducing the standby current, which is due to different
leakage currents, is critical in low-power design. At the
circuit level, leakage reduction can be achieved by
controlling the voltage of different device terminals. SRAM
leakage power can be effectively reduced by lowering the
supply voltage (Vpp) to its standby limit, as indicated by Qui
et al. in [1]. Reducing the supply voltage influences the cell’s
robustness. This robustness can be expressed in terms of
immunity to noise which can be quantified as the amount of
voltage noise at the internal nodes necessary to flip the cell’s
state, and is usually referred to as the static noise margin
(SNM). The value of the minimum supply voltage that
preserves the data stored in a SRAM cell provides an
estimation of the maximum achievable leakage reduction for
a given technology.

The paper describes a method to estimate analytically the
static noise margin of 6T-SRAM cell in sub — and above —
threshold regimes. The results are validated by HSPICE
simulation, using Seevinck’s graphical method [2]. Through
the years, various methods of computing the static noise
margin were proposed. Seevinck et al. in [2] and by
Bhavnagarwala et al. in [3] developed expressions for above
— threshold static noise margins and Calhoun and
Chandrakasan [4] and Welling and Zory [5] developed
expressions for sub — threshold static noise margins. In [2]
the authors describe an explicit analytic expression for the
static noise margin based on long channel models as a
function of device parameters and supply voltage.
Bhavnagarwala et al. [3] studies the SRAM cell static noise
margin reduction due to intrinsic threshold voltage
fluctuations in uniformly doped minimum geometry
MOSFETs. The work described in [5] investigates stability

aspects of sub-threshold SRAM cells, deriving analytical
expressions for the SNM as a function of circuit parameters,
operating conditions and process variations. The noise
margin of SRAM cells in low power conditions such as low
supply voltage and source-body bias is experimentally
determined, using a graphical approach in Cseveny et al. [6]
and Hook et al. [8]. Calhoun and Chandrakasan [4] analyse
the dependence of SNM on supply voltage, temperature,
transistor sizes and global process variation in a commercial
65nm technology.

This paper builds on previous work examining the influence
of lowering the supply voltage of a SRAM cell on its
robustness (noise immunity), both in above— as in sub—
threshold regions taking into account the short channel
effects in MOSFET scaling, as velocity saturation and
channel length modulation. The result of channel length
modulation is an increase in current due to Short Channel
Effects (SCE) when the Drain-Source voltage increases.

The following section of the paper presents a method to
model the SNM of a 6T SRAM cell in low power mode and
the model validation by comparing the results to the ones
obtained with HSPICE simulations for 130nm, 90nm and
65nm BPTM [9]. Also, based on this model, the minimum
supply voltage (Vpp.min) that preserves the data stored in a
SRAM cell is estimated.

2. STATIC NOISE MARGIN IN LOW LEAKAGE POWER
MODE

A SRAM cell’s immunity to static noise is normally
expressed in terms of Static Noise Margin (SNM) which
quantifies the amount of voltage noise necessary to flip the
cell’s contents.
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Fig.1.Conventional 6T SRAM cell in standby

The circuit diagram of a 6T SRAM cell in standby is
illustrated in Figure 1. This cell can be also represented by a
flip-flop consisting of two inverters as shown in Figure 2
given that in standby the access transistors are off. The
voltage sources V,; and V,, in Figure 2 represent the static
noise in the circuit. The maximum noise level that can be
tolerated by the flip-flop before switching states defines the
static noise margin (SNM) [2].
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Fig. 2.Cell consisting of two inverters and noise sources

Graphically, the SNM of the 6T-SRAM cell can be estimated
by drawing the voltage transfer characteristics (the DC input-
output characteristic) of the two inverters obtaining the so
called “butterfly curve” and finding the maximum possible
square between them [2] as illustrated in Figure 3.
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Fig. 3. Graphical representation of SNM

From these curves the main circuit characteristics can be
extracted: the output voltages Voy (highest output voltage —
max(Vyy)) and Vor (lowest output voltage — min(V,y)), the
input voltages Vi (the smallest value of the input voltage
that can be interpreted as logic 1) and V. (the largest value
of the input voltage that can be interpreted as logic 0), and
the inverter threshold Vy. By definition, Vi and Vi are the
operation points for which the slope of VTC is -1.

The models proposed in this paper have the same starting
point: Kirchhoff’s current law (taking into account the drain
current) applied on the “L” and “R” nodes of the memory
cell as indicate in Fig. 1. The drain current, Ip, in saturation
and sub-threshold, is given in [7] and it has the expression:

V,
ID,sal = kVDSAT(VGS ~Viu — %}'

~(1+AVy) (a)

M
Vas J[l—exp(— Vps ]J
nVvy Vi

1+ A V) (b)

ID,sub—lh = IS exp[

Equation (1a) gives the expression of the drain current (Ip su)
when the velocity saturation is achieved (Vps > Vpgar)- In
this equation, k, defined by (2), is the transistor’s gain,
Vpsar, defined by (3), is the velocity saturation voltage, Vy
is the threshold voltage bias dependent and A is the channel
length modulation coefficient.

pe, W
k= W )
" (2)
Lan
Vosar ~— (3)
n

(W — channel width, L — channel length, p — carrier mobility
(electrons or holes); &, — gate dielectric constant, t,, — gate
oxide thickness, v, — carrier (electrons or holes) saturation
velocity). Equation (1b) gives the expression of the drain
current (Ip sub-m) in the sub-threshold regime (Vgs < Vy). In
this equation Ig is the current when Vgg = Vg, n is the sub-
threshold swing coefficient and Vr is the thermal voltage.
The term 1+AVpg in (1) is a correction introduced to model
the short channel effect (SCE).

2.1. Modeling SNM in Saturation Region

The voltage transfer characteristic (VTC) of the CMOS
inverter in above-threshold region has a very slim transition
region in which, a small change of the input voltage will lead
to an important change in the output voltage. In this case, the
critical output voltages are: Voy = Vpp and Vg = 0V. A
relative simple method to approximate the noise margins is
given by Rabaey et al. in [7]. The authors use a piecewise
linear approximation of the voltage transfer characteristic, as
illustrated in fig. 4 (a).
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Fig. 4. (a) Piecewise linear approximation of the VTC, (b)
First order correction in SNM estimation

The transition region is approximated by a straight line that
has the same slope (g) as the transfer characteristic in the
commutation point (Vy). The noise margins are defined as



CONTROL ENGINEERING AND APPLIED INFORMATICS

51

the intersections of the tangent to the VTC in Vy with Vpp
and 0 respectively (see figure 4a):
V,, -V
SNM, =V, =V, +—22 M
g

“4)
1
SNMy; =V = Vi =V _VM(I_EJ %)

The commutation threshold (Vy) is the point where Vi, =
Vou- Its value can be graphically determined as the
intersection between the voltage transfer characteristic and
the line given by Vi, = Vg, Also, this point can be
analytically determined from the current law, considering
that in this region the transistors are both saturated (1a) and
the currents are equal with opposite signs:

Ipgy +1pg, =0 (6)
\%
Ins, = anDSATn (Vin ~ Vi — %}(l + knvout ) (7
V
IDSp = kaDSATp[Vin = Vpp — vTHp - D;ATP ] : ®)
142,V =2, Vi)

and Vi, = Vou = V.

The commutation threshold depends on the ratio between the
widths and lengths of the two transistors ((6) + (8)). In order
to obtain symmetry, a balanced memory cell has assumed. In
this case the (W/L), to (W/L), ratio is chosen by design so
that the commutation threshold is half of the supply voltage
(VM = VDD/ 2)

The slope of the VTC is obtained differentiating (6) < (8):

av,,
:_Ou = 9
£ v ®

in

cn(1+ 2, Vo) + cpll +hp (Vo — VDD)J

Vbsatp
2

Vbsa
}“ncn {Vin _VTHn _Dz-rnj'*'}“pcp(vin _VDD _VTHp -

where ¢, = k,Vpsam and ¢, = K,Vpsarp. And making Vi, =
Vour = VM = Vpp/2 we obtain the slope as a function of
supply voltage g(Vpp).

Because the inverter is dimensioned so that Vy = Vpp/2, the
noise margins defined by (4) and (5) are equal and their
dependence on the supply voltage is given by:

2 2(Vpp)

Since by definition, V. and Vi are the operation points for
which the slope of VTC is -1, we introduce a correction to
this model in order to achieve a better estimation of the noise
margin (fig. 4b):

SNM, =SNM,, =V, =h[l+;J (10)

SNM =V, (V) —d (11)

To determine the value of d, the segment AC of the VTC is
approximated as a second order function: Vou=aVi,+bV,+c.
The constants a, b and ¢ can be computed by imposing three
conditions:

— the characteristic passes by point A(Vty,Vpp)

— the characteristic’s slope at point A is 0

— the characteristic’s slope at point C(Vi,Voy) is -1

The following system of equations was obtained:
V]?H VTH
AV |
2v, 1

I|a Voo
Ofb|=| O (12)
Ofc -1

with the solutions:

VTH - VIL
Vin
2(VTH - VIL)

c=Vy, +

The value of d is given by Vpp — Vou(ViL), so the estimated
noise margin (11) is:

SNM = VIL (VDD) - VDD + Vout (VIL ) (13)

Figure 4 shows the static noise margin dependence on the
supply voltage for a 130nm technology inverter determined
in three ways: graphically using the method of Seevinck in
[2] based on the values obtained by HSPICE simulation and
analytically using (10) and (13) respectively. As expected,
the static noise margin is limited to Vpp/2 because of the two
sides of the butterfly curve and decreases as the supply
voltage is reduced from its nominal value.

—— SNM(HSPICE) |
0.6| cmmmm QMW [Estimated) ||
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Fig. 5. SNM vs Vpp in 130nm technology

In figure 6 (a) and (b) is plotted the static noise margin and
the relative nose margin variation on the supply voltage for
65, 90 and 130nm BPTM using (13). Figure 6 (b) illustrates
the noise margin to Vpp ratio — the relative noise margin
(rSNM = SNM/Vpp). This ratio increases with lowering the
supply voltage up to a maximum value and than decreases.
The BPTM parameters used for estimating analytically the
SNM are given in [9].
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Fig. 6. (a) Estimated SNM (13) vs. Vpp in 130nm, 90nm,
65nm technology, (b) Relative SNM vs. Vpp in 130nm,
90nm, 65nm technology

Table 1 comprises the relative estimation errors for the three
technologies, computed as:

V,; —SNM
£V, = 100 (%] (14)
gsNM:w.loo [%] (15)

Note that with the scaling down of the transistors, the SRAM
cell’s immunity to noise decreases (for a supply voltage of 1
volt, the SNM decreases with 2.8% from 130nm to 90nm and
with 6% from 130nm to 65nm).

Table 1. SNM and estimation errors for 65 nm, 90 nm, 130
nm bptm in saturation region

SN | | SNM | gV | eSNM
Tech. A M 1L
@spy | (10) (13) [%](15)
This work [%](14) This work
1.3 0.41 0.61 0.43 45.33 3.44
130 1 0.35 | 047 | 0.36 32.39 3.03
nm 0.6 023 | 0.28 | 0.24 22.75 2.99
0.4 0.15 | 0.19 | 0.16 24.97 3.44
1.2 0.38 | 0.57 | 0.40 48.27 4.92
90 1 0.34 | 047 | 0.36 38 4.3
nm 0.6 0.22 | 0.29 | 0.23 27.45 4.84
0.4 0.15 | 0.19 | 0.15 30.79 4.31
1.1 035 | 0.52 | 0.36 49.48 4.42
65 1 0.33 | 048 | 0.35 43.43 4.53
nm 0.8 0.29 | 038 | 0.30 34.34 4.41
0.4 0.14 | 0.18 | 0.14 26.52 4.28

2.2. Modeling SNM in Sub-threshold Region

The voltage transfer characteristic (VTC) of the CMOS in
sub-threshold region has the same shape as in the above —
threshold region at high supply voltages (Voy = Vpp and Vo,
= (V), but changes for low voltages (Voy < Vpp and Vg >
0V) (figure 7).
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Fig. 7. VTC and (VTC)" in sub-threshold region

In this situation is not enough to compute the commutation
threshold voltage (Vy), it is also necessary to compute the
values of the critical output voltages (Voy and Vo).

ID,sub—th,n + ID,Sub—thﬂp =0 (16)
Vi v,
I, =1, ex in_ | 1—expl ——ou ||,
R p( nv; J( p( v D (17)
(1 + )\‘nvout)
Vin -V
I sio-np = Isp exp(TTDD]'

. (1 - exp(— —V"“‘\;TVDD JJ . (18)
( + }\’ ( out VDD ))

The resulting equations were solved for:

- Vin = 09 Vout = VOH < VDD
Vin = VDD; out VOL >0
- Vin = Vout - VM

The exponential can be approximated by its Taylor series:
e* =Yy —x" (19)

Using this approximation, the equation (16) solved for (Vi
Vou) = (0, Von), (Vpp, Vor) and (Vy, Vi) results in a (2n+1)
order equation that can be reduced to a third order if the
exponent is small.

For V;, =0 and V= Vou < Vpp (16) becomes:

ISH[I - exp[— Vou D(l + 0, Vou )+
VT
V. V.. -V
+1o exp| ——22 || | —exp| ——2L_TDD ||, 20
¥ Xp[ nvy J( Xp( \& D e

'(1+}\‘p(VOH _VDD)): 0

Using the notation Vog — Vpp = a (with (Vpp-Vop) very
small) together with the approximation:

exp| — |=1+—+—| —| ,
V; Ve 2V,

a third order equation in ‘a’ was obtained, and the values of
Vou are derived.

For Vin = VD[) and Vout =

Ig, exp( J( exp[ \<'])D D 1+ XHVIL)
+ Isp{l exp( Vi = Vip D 21

'(1+7"p(V1L _VDD)): 0

VoL > 0, (16) becomes:
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With V. very small positive, the exponential can be  The static noise margins according to [7] are:
approximated as: v v
1 , SNM, =V, =V,, -V, +—22 M (26)
exp(cVIL ) =1+cV + E(CVIL) R g
o - P SNM, =V, —V, =V —v, —~vor=Vu (27)
where c is either 1/nVt or 1/Vr . So a third order equation in H = VDD IH =~ VDD M o

Vi 1s obtained.

For Vi, = Vou = Vm ~ Vpp/2, (16) becomes:

V, V
I, ex M1 —expl ——M | (1+A,V,
Sn p[nVT j[ p( VT JJ( n M)
vV, -V, vV, -V
+1. expl —M DD {1 _exp| ——M DD |]. 22
sp p( v, j[ p( v, JJ (22)

(142, (Vg = Vi )= 0

Using the notation Vy — Vpp/2 = b (with (Vy-Vpp/2) very
small) and approximating the exponential as:

exp(cb) =1+cb,

where c is either 1/nVr or 1/Vr. A third order equation in b is
obtained, and the values of V\ are derived.

Knowing the values of the critical output voltages and the
commutation threshold, the input critical voltages (Vi and
Vi) can be estimated by using a piecewise linear
approximation of the voltage transfer characteristic, as
illustrated in fig. 8.
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Fig. 8. Piecewise linear approximation of the VTC in sub-
threshold region

The slope of the tangent to the voltage transfer characteristic
in the point where Vj, = V,, = Vyy is obtained differentiating
(16) = (18):

out f1 (VM ) (23)

1 Vm
fi (Vg )=-Ig, ——| U+ X, Vo) 1—exp| ——= | ||+
1( M) Sn vy {( n M{ XP[ A JH
Vum Vbp
+ I, \L+A V) 1—exp| —= | |exp| ———
sp( P M{ Xp( Vr ]] XP[ nVy

1] v
£5(Vy )= 1Isn V—[V—(l + A0 Vi)~ xn}xp[_v_M] +
T T T

24)

-,y )—pr (25)
| [

Vbp Vr

nV. \V/
' cexp| —— |+ Ay
Vr

+ gy +1gp exp[—

Because now the characteristic in no longer symmetrical, the
static noise margin will be the smaller of the two defined by
(26) and (27):

SNM = min(SNM ,,SNM, ) (28)
Figure 9 (a) shows the dependence of the static noise margin
on the supply voltage for a 130nm technology inverter in

sub-threshold region. Comparing the two curves, a new
estimation of the SNM was made.

SNM =y - SNM (29)

where y is a proportionality constant obtained graphically.
Figure 9(b) illustrates the SNM obtained by HSPICE
simulations and the estimation given by (29).
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Fig. 9. (a) SNM vs Vpp in 130nm technology, (b) SNM vs
Vpp in 130nm technology according to (29)

The values of the y constant for each technology are given in
Table II together with the estimation root mean square error
computed as:

max(Vpp ) ~ 2
P (SNM - SNM)
RMSE = 1 =Vop) (30)
# samples

Table 2. The values of y and mean square error
in sub — threshold region

Technology | ¥ RMSE
130nm 0.8 |0.0114
90nm 2'7 0.0105
65nm %7 | 0.0108

2.3. Minimum Supply Voltage for non-zero SNM

The minimum supply voltage for non-zero static noise
margin is graphically determined as the value where the plot
of the VTC and (VTC)" looses its butterfly shape, that is
where no square can be inscribed in the loops of this plot
(Fig. 6). Analytically, this voltage was determined as the
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value of the supply voltage where the slope to the VTC in
Vu given by (23) and the slope to (VTC)" in Vyy computed
as g are equal to -1, or as the value of the supply voltage
where the loop gain is 1. The critical values of this voltage
for the three technologies are given in Table 3.

Table 3. The critical values of the supply voltage

Technology HSPICE | Analytically
130nm 0.048V | 0.047V
90nm 005V 10049V
65nm 0.052V | 0.0515V

As mentioned earlier, the SRAM cell in standby can be
represented by a flip-flop consisting of two inverters as
shown in figure 1(b). The gain of this loop can be determined
as the product between the gains (slopes of VTC) of the two
inverters, so the loop gain of the SRAM cell is given by:

Loop Gain = gain(M Mnl)- gain(Mpz,an) (€28

pl?
Because in this paper the two inverters were considered
identical the loop gain is: LoopGain = g°, where g is given
by (9) in above-threshold regime and by (23) in sub-
threshold.
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Fig. 10. (a) Loop Gain vs Vpp, (b) Loop Gain vs Vpp — the
critical values of the supply voltage

The dependence of the loop gain on the supply voltage is
plotted in Fig. 10(a). This has a similar behavior with the
relative static noise margin, the gain increases up to a
maximum and after that decreases. The critical value of the
loop gain is 1. For values larger than 1 the system is bi-stable
and its static noise margin is larger than 0 and for smaller
values, the system looses the required bi-stability and has no
noise immunity.

3. CONCLUSIONS

By lowering the supply voltage (Vpp) to its standby limit
SRAM leakage power can be significantly reduced at the
cost of reducing the robustness of the cell, expressed in terms
of static noise margin (SNM). The paper investigates the
effect of lowering the supply voltage from its nominal value
on the robustness of a SRAM cell, by developing analytical
models in above — and sub — threshold regions. The accuracy
of these models was verified for 3 technologies: 130nm,
90nm and 65nm BPTM by comparing the estimated values
with HSPICE simulations results. The static noise margin
decreases nonlinearly with the supply voltage but the relative
noise margin increases up to a maximum value and after that
decreases. Because many perturbations that can affect the

memory cell are related to the supply voltage this fact
indicates the existence of an optimum value of the reduced
supply voltage maximizing the relative SNM.

The proposed analytical model has been used to predict the
minimum value of the supply voltage that preserves the data
stored in the SRAM. For the BPTM analyzed these values
are very small 47mV (3.7% of the nominal value) for 130 nm
technology, 49mV (4.08% of the nominal value) for 90 nm
technology and 51.5mV (4.68% of the nominal value) for 65
nm technology.

With scaling down of the transistors, the standard SRAM
cell’s immunity to noise decreases (for a supply voltage of
1volt, the SNM decreases with 2.8% from 130nm to 90 nm
and with 3.2% from 90nm to 65nm technology), also at the
optimum value of the supply voltage, the percentage of the
supported noise decreases and the critical supply voltage
increases with scale down technologies.
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